Advances in therapies have led to prolonged survival from many previously lethal health threats in children, notably among prematurely born babies and those with congenital heart disease. Evidence for catch-up growth is common in these children, but in many cases the adult phenotype is never achieved. A translational animal model is required in which specific tissues can be studied over a reasonable time interval. We investigated the impact of postnatal hypoxia (HY) (12%O 2 (HY12) or 10% O 2 (HY10)) on growth in rats relative to animals raised in room air. Subgroups had access to running wheels following the HY period. Growth was fully compensated in adult HY12 rats but not HY10 rats. despite their clear importance in determining the long-term consequences of chronic childhood diseases. This gap in knowledge is a major obstacle to clinicians attempting to find useful biomarkers of catch-up growth and, eventually, to develop novel therapies and interventions.
The periods of rapid growth in humans (postnatal and through the pubertal growth spurt) are acutely sensitive to relatively brief and even acute episodes of disease or deleterious environment perturbations such as hypoxia, imbalance of energy intake and energy expenditure, medications, or severe psychosocial stress. [1] [2] [3] [4] Growth rates under these conditions can be slowed or stopped completely. When the perturbation ceases, growth rates can resume at an accelerated pace, constituting the phenomenon of catch-up growth. 5 Advances in therapies have led to prolonged survival from many previously lethal health threats in children, notably among prematurely born babies and those with congenital heart disease. Evidence for catch-up growth is common in these children once the hypoxia (either from primary lung diseases or impaired tissue delivery of oxygen) is ameliorated, but in many cases the adult phenotype is never achieved. [6] [7] [8] [9] Essential mechanisms (including as basic a factor as sex) that govern catch-up growth are still poorly understood, nor is it clear why catch-up growth in some cases leads to a largely normal adult phenotype, while in others, the catchup growth is incomplete. This gap in knowledge is a major obstacle to clinicians attempting to find useful biomarkers of catch-up growth and, eventually, to develop novel therapies and interventions. To adequately explore the molecular pathways involved in successful and unsuccessful catch-up growth, a translational animal model is required in which specific tissues can be studied over a reasonable time interval, and few such models exist. We report here the development of a translational animal model in which a relatively brief, early-life hypoxia exposure inhibited growth acutely and was sufficiently robust such that subsequent catch-up growth after the hypoxia exposure was terminated was incomplete, resulting in an abnormal adult phenotype.
Energy balance, quantified by the equation linking energy intake to energy expenditure, is a key factor in growth during infancy and childhood. Reduced energy intake (caloric deprivation) has been a typical model of growth impairment in experimental models. 10 Less focus has been placed on the other side of the energy balance equation, namely, energy expenditure, and there are increasing data that an imbalance in the energy equation whether by caloric restriction or by excessive energy expenditure can alter metabolism and growth factors such as insulin-like growth factor 1 (IGF-1).
11
The ability of physical activity to stimulate growth in a variety of tissues has led to the hypothesis that exercise could mitigate some of the growth effects seen in children with chronic diseases. 12 But exercise involves increased energy expenditure and at what point the beneficial anabolic effects of exercise are diminished by an imbalance of energy expenditure and intake remains poorly understood, particularly in the context of the accelerated growth rate that is key to the catch-up growth phenomenon. The translational rat model, through experimental manipulation of physical activity and exercise, also permitted us to examine the impact of varying levels of physical activity on the effectiveness of catchup growth. Children are the most naturally physical active human beings, 13 and the degree to which a growth-impaired child (e.g., those suffering from diseases like chronic lung disease or survivors of childhood cancer) can and should participate in exercise programs remains a major conundrum for parents and healthcare providers. Accordingly, we included a study arm designed to investigate the longer-term impact of exercise on the effectiveness of catch-up growth following the acute, growth-inhibiting, hypoxic exposure.
METHODS
The protocols used in this study were approved by the University of California, Irvine Institutional Animal Care and Use Committee. Pregnant Sprague-Dawley rats were purchased from Charles River (Wilmington, MA). Immediately postpartum, the litters were randomly cross-fostered and sex-balanced. At postpartum day 2, litters randomized to the hypoxia treatment groups (HY) were culled to four pups per litter and housed, with the dam, in standard cages placed in a normobaric chamber (Biospherix, Parish, NY). The small litter size was adopted to ensure adequate nutrition and minimize the maternal stress associated with full litter size in the hypoxic environment. 14 The litters randomized to the normoxic room air (RA) control groups were also culled to four pups and housed in standard cages in the same room as the chamber; RA, n = 17 male, n = 18, female.
Hypoxia protocol
To induce hypoxia, a feedback controller senses O 2 levels in the chamber and feeds N 2 into the chamber to maintain the preset level of O 2 . 15 The 12% hypoxia exposure was maintained from day 2 postpartum until day 21. The 10% protocol was imposed at day 2 and the animals returned to RA on day 12 to limit the mortality caused by this more stressful treatment. The chamber used in this study allows exchange with the environment so that pressure remains unchanged. Humidity and CO 2 were monitored and regulated.
Animals in the 12% O 2 (HY12) treatment groups were removed from the hypoxia chamber at day 21 (n = 26, male, n = 19, female). On day 22, all groups were weaned. At this timepoint the two groups: normoxic room air controls (RA) and HY12 were further subdivided into sedentary or exercise (Ex) cohorts. The exercise cohort groups were designated: RA + Ex and HY12 + Ex and had a final minimum n of 6 animals.
Rats randomized to the 10% O 2 (HY10; n = 14, male, n = 14 female) treatment groups were removed from the chamber at day 12 and maintained, with the dam, in RA until weaning at day 22. At this time, the exercise subgroups (RA + Ex and HY10 + Ex, minimum n = 5/sex) were housed in the presence of running wheels.
Exercise protocol
Animals randomized to the exercise groups were housed in cages that included running wheels at weaning (ßday 22). Initially, the devices provided were mouse running wheels, which are easily accessed by young rats. These running wheels were not instrumented for data collection. At day 30 postpartum, the animals in the exercise groups were single housed in cages with running wheels suitable for young and adult rats. These devices were instrumented to allow for the quantitation of voluntary running activity. Running activity was quantified as daily running distance in km.
Verification of pulmonary hypertension
Following the preliminary data collection from the above groups, a persistent right ventricular hypertrophy was observed. We postulated that this was an indicator of pulmonary hypertension. To confirm this, an additional investigation arm was added to evaluate pulmonary artery pressure. Prior to sacrifice, pulmonary artery pressure was measured using a fluid-filled catheter that was inserted into the pulmonary artery. 16 Briefly, rats were anesthetized using ketamine/xylazine/acepromazine (50/4/1 mg/kg, respectively). The right anterior external jugular vein isolated and a Silastic catheter (0.64 mm OD, 0.32 mm ID) with introducer inserted into the right ventricle through the jugular vein while pressure was recorded using a Biopac system (Goleta, CA). The catheter was then manipulated into the pulmonary artery, which has a characteristic pressure waveform. The introducer was then removed, and the catheter sutured in place and exteriorized behind the neck. The catheter was flushed with 0.2 ml of heparin (1,000 U) and occluded with wire plugs. Pulmonary artery pressure data collection was completed 24 hours postsurgery in resting, awake rats. Rats from this study arm were not included in further analyses.
Tissue collection and analysis
The study was terminated on day 65 postpartum. The rats were euthanized using pentosol solution (100 mg/kg). All animals were weighed and body length measured. After the induction of deep anesthesia, but prior to the cessation of breathing, blood was collected from the left ventricle using cardiac puncture through the diaphragm using a heparinized syringe. The chest was then opened and the ventricles were removed and weighed. The soleus, plantaris, and medial gastrocnemius (MG) muscles of both legs were dissected free of connective tissue and weighed. The tibia of the left leg was dissected free and the length measured.
www.cts-journal.com Figure 1 Growth curves demonstrating the effects of exposure to hypoxic (HY) conditions postpartum on rats. Rats exposed to 12% O 2 (HY12) for 20 days exhibited successful catch-up growth relative to normoxic rats raised in room air (RA). The animals exposed to 10% O 2 (Hy10) for 10 days had more dramatic reductions in early growth and failed to attain full growth relative to the other groups. At 65 days of age, rats exposed to 12% O 2 postpartum did not differ in body mass from the RA animals. The HY10 rats were significantly smaller. Data points are means ± SE. N = 6-18 for various groups. (*P < 0.05 vs. RA, #P < 0.05 vs. HY12). 
Determination of complete blood count and differential white blood count
On day 65 postpartum, whole blood was collected in 4 ml EDTA purple top tubes (Becton Dickinson, San Jose, CA) and processed on the Hemavet 950FS (Drew Scientific, Waterbury, CT) as per the manufacturers guidelines. The HemaVet 950FS Multi-trol validation beads were used to perform a quality control and assure that the machine was ready for analysis of samples. Each animal complete blood count (CBC) with differential analysis was performed using the Rat measurement button on the HemaVet; all values reported are within the range of the quality control sheet.
Blood sampling and analysis
Aliquoted plasma was stored at −80°C until assayed. Circulating IGF-1 and IGF-Binding Protein 3 levels were measured using commercially available enzyme-linked immunosorbent assay (ELISA) kits manufactured by R&D Systems (Minneapolis, MN).
Statistical analysis
Between-group analysis was conducted using a one-way analysis of variance (ANOVA) with Bonferroni's multiple comparisons test posttest (PRISM, Graphpad, San Diego, CA). Graphical representations of the data include standard error of the mean (SEM). Tabular data include mean ± standard error. For all statistical tests the significance level was set at 0.05. Exercise had no effect on measures of body size (mass, tibia length, body length). Accordingly, the exercise data were combined with that of the sedentary groups for most analyses.
RESULTS

Effects of early-life hypoxia on attainment of adult phenotype
As we previously reported, 15 exposure to hypoxia during the early postnatal period resulted in dramatic growth deficits. Figure 1 shows that at day 11 postpartum, rat pups exposed to 12% O 2 were ß26% smaller than the RA animals. The pups maintained at 10% O 2 were 50% smaller than the RA controls at this timepoint. At 65 days of age, both the male and female rats that had been exposed to the 12% O 2 environment had attained body mass similar to the RA animals (Figure 1) . In contrast, the rats exposed to 10% O 2 were significantly smaller (-23% male, -20% female) than the RA rats (Figure 1) . In the HY10 animals, growth deficits were also evident in body length (-5% male, -7% female) and in the length of the tibia (-6% male, -8%) female ( Table 1 raised along with HY10, n = 36, were handled in every way the same. This was reflected in all of the data collected (i.e., no significant differences). As a result, the RA10 and RA12 group data were combined for data presentation.
Effect of access to running wheels
As previously observed, 17 female Sprague-Dawley rats with unlimited access to running wheels spontaneously exercise to a far greater degree than do male rats. In this study, the female rats as a group exercised 2.6-fold more than the males (Figure 2) . In both males and females, there was no significant difference in the amount of voluntary running between HY12 and RA groups. In the female rats exposed to 10% hypoxia, exercise was reduced by 20% (P < 0.05) compared with the female rats in the RA group. Voluntary running exercise had no effect on the magnitude of catch-up growth; there were no exercise-related differences in the adult phenotypes (e.g., measure of body size) among the rats exposed to early-life hypoxia or controls.
There were distinct sex-related effects of voluntary running. In female rats from both the hypoxia exposed and control environments, increased exercise led to a relative (muscle mass/body mass) increase in the mass of the plantaris muscles (PLN), in those most involved in wheel running. In the male animals, only the HY10 + Ex males showed greater PLN muscle mass than the nonexercised, RA controls ( Table 2) . These changes ranged from 12-17% greater PLN mass in the groups with access to running wheels. There were no significant differences in the magnitude of this change between treatments. There were no significant differences in the relative mass of the soleus or medial gastrocnemius muscles across sexes, groups, or treatments (data not shown).
Effects on heart size and pulmonary artery pressure As noted in our earlier publication, 15 20-day hypoxia exposure resulted in marked cardiac hypertrophy (RV ßfivefold, LV ßtwofold) at 21 days of age. In the current study, we found that this RV adaptation persists into adulthood in both males and females, but to a lesser degree. For example, in females RV relative mass was 46% and 43% larger in HY12 and HY10, respectively, compared with RA (P < 0.05) (Figure 3) . In females, the RV hypertrophy was exacerbated by voluntary running wheel exercise (Figure 3) . The hypoxia treatment did not appear to have a substantial impact on LV mass in adult rats (Figure 4) . Voluntary wheel running exercise did result in some LV hypertrophy, particularly in female rats ( Figure 4) ; however, this appeared to be independent of the treatment history of the animals.
With regard to cardiovascular responses, there were no significant differences noted between treatment groups or sexes in the heart rates of awake, resting rats (data not shown). Both male and female rats exposed to hypoxia as neonates exhibited pulmonary hypertension as adults (e.g., for mean arterial pressure (MAP), female RA 18.4 ± 1.2; HY12 30.9 ± 0.5; HY10 29.7 ± 0.3 mmHg). Voluntary running exercise did not significantly increase or reduce the magnitude of the pulmonary arterial hypertension in either sex (e.g., female MAP HY-Ex 29.9 ± 0.4 mmHg).
Effects on CBC, IGF-1, and IGF-1 BP-3
None of the treatments had significant impacts on the constituent elements of the CBD. At 65 days of age, the circulating levels of IGF-1 and IGF binding protein-3 were similar in both the RA and HY groups (data not shown).
DISCUSSION
A translational rat model of incomplete catch-up growth: Possible mechanisms
We succeeded in identifying a specific duration and level of hypoxia exposure perturbation early in life in which the catchup growth response occurred, but was incomplete long after normoxia was restored. In the bulk of chronic conditions that lead to impaired adult phenotype, the perturbation (e.g., nutritional, inflammatory, oxygen delivery) is imposed early in life but persists throughout the growth period. 18, 19 In our model, the growth-impairing stimulus, hypoxia, occurred only for a short period early in life and the animals then grew in a normoxic environment. Despite the rapid initial phase of compensatory growth upon return to room air seen in both www.cts-journal.com groups (Figure 1) , animals exposed to 10% O 2 during the immediate neonatal period failed to attain the adult body size phenotype observed in the controls (Figure 1, Table 1 ). This animal model of incomplete catch-up growth following an acute, postnatal exposure to hypoxia may prove useful in gaining insight into the molecular pathways that govern the still incompletely understood phenomenon of catch-up and compensatory growth.
We anticipated that the incomplete catch-up growth would have been accompanied by lower levels of circulating IGF-1. This was not the case. In both rodent and human studies, growth rates and circulating IGF-1 are highly correlated. 20, 21 In previous studies, our group showed that both hypoxia and reduced caloric intake independently led to impaired growth and reduced circulating IGF-1 in young rats, 15 but after the hypoxia exposure, compensatory growth was complete and circulating IGF-1 in the adult animals was no different from controls.
In humans, constitutive short stature is a complex and heterogeneous group of syndromes. 22, 23 It is found in children with both low and normal IGF-1, the latter categorized as "IGF-1 resistant," in contrast to mechanisms in which the growth hormone→IGF-1 axis is impaired, leading to reduced growth with abnormalities in circulating IGF-1. Baron et al. in a recent comprehensive review 23 outlined the mechanisms (both related and unrelated to the classic GH→IGF-1) axis that could play a role in impaired growth through genetic, genomic, and epigenetic effects on the bone growth plate. In 45 Cartilage matrix ACAN Hypoxia upregulates ACAN, a member of the aggrecan/versican proteoglycan family. The encoded protein is an integral part of the extracellular matrix in cartilagenous tissue 46 Transcription SOX9 Hypoxia increases nuclear-expressed MIF (macrophage migration inhibitory factor) which acts as a transcriptional regulator by interacting with the promoter of SOX9. 47 MIF plays a role in fracture healing 48 Epigenetic control DNMT3A Hypoxia mimetic deferoxamine influences expression of histone acetylation-and DNA methylation-associated genes in osteoblasts 49 Thyroid hormone signaling PAX8 This gene plays a role in the mechanisms through which thyroid hormones modulate bone growth 50 our rat model, in addition to body weight, both body length and tibial length were reduced in all rats exposed to the HY10 protocol, suggesting, in fact, that the long-term effect of the early-life hypoxia exposure had specifically impaired the bone growth plate. We reviewed the current literature to identify which of the signaling pathways identified by Baron et al. were also sensitive to hypoxia. As shown in Table 3 , we found that many of the known regulatory pathways were sensitive to hypoxia exposure through specific genes. This framework may ultimately prove useful in uncovering the mechanisms responsible for the long-term effects of early-life hypoxia on subsequent growth.
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Effect of physical activity
Female rats exhibited much greater volumes of spontaneous running than did males ( Figure 2) ; thus, to the extent that the training effect is related to the amount of exercise, the females would be expected to have a greater response than the males. Consistent with this was the observation that the relative size of the plantaris muscle was greater in all of the female groups (both the two hypoxia groups and the controls) that had access to running wheels compared with the female rats that did not have running wheel access ( Table 2) . Daily running distance was smaller in the HY10 group of females, but this did not seem to influence the effect of the generally increased running on plantaris muscle mass. An interesting but as yet unexplained finding was that in the male rats that had access to running wheels, only those exposed to 10% hypoxia demonstrated a relative increase in the plantaris muscle mass. We observed this despite the fact that the daily running distance in males was much less than that observed in the females, and no exercise effect was found in the 12% hypoxia or room air groups. In none of the groups was increased exercise associated with reduced growth. In fact, exercise had no effect on measures of body size (mass, tibia length, and body length).
Persistent effects of early-life hypoxia exposure
In addition to the sustained impact of early-life 10% hypoxia exposure leading to incomplete catch-up growth, there was an additional persistent effect that we observed in both the 10% and 12% hypoxia exposed animals. RV hypertrophy, presumably resulting from hypoxia induced pulmonary vasoconstriction 24 leading to persistent pulmonary hypertension, continued into adulthood (Figure 3) . It is well established that hypoxia exposure in the absence of inflammatory lung disease in neonatal rats rapidly leads to RV hypertrophy. 15, 25 The current study shows the ominous persistence of this hypertrophy and of pulmonary hypertension into adulthood, long after the initial exposure had ended. Our results extend those of Keith et al. 26 in 2000 (RV hypertrophy and pulmonary hypertension) and Lumbroso and Joseph 27 in 2009 (RV hypertrophy) who reported on antenatal hypoxia exposure in the pregnant dam. Collectively, these studies showed that abnormalities persist later in life after this early-life hypoxia exposure was ended. In the 12% hypoxiaexposed animals, there appeared to be no other sustained effects of the early-life hypoxia as evidenced by those rats achieving the same adult body mass as did the control animals. Growth is impaired in children with persistent pulmonary hypertension, particularly when it occurs in younger children and accompanying congenital heart disease. 7 Exercise did not worsen the degree of pulmonary hypertension, but did result in a generalized cardiac hypertrophy, most notably, in the females with high exercise volumes, affecting the size of both the right and left ventricles.
Summary and relevance to clinical translation science
Many gaps still exist in our understanding of the mechanisms of catch-up and/or compensatory growth 28 despite their clear importance in determining the long-term consequences of chronic childhood diseases. The traditional research interest in compensatory growth has focused on malnutrition and endocrine disorders. 29 However, there is a growing body of research on the long-term growth effects of hypoxia spurred, in part, by the increasing number of premature babies that survive chronic lung disease of prematurity, and by the recognition that disease or deleterious environmental factors (like hypoxia) occurring during critical periods of growth and development will impact health across the lifespan. 30, 31 Earlier theories of whole-organism, homeostatically controlled regulation of growth 32 have, under the weight of experimental evidence given way to a (still rudimentary) model of compensatory growth in which tissueand organ-specific proliferative capacities, rather than some whole-body set points, ultimately control the compensatory response to growth-inhibiting diseases or noxious stimuli.
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Our data suggest that prior hypoxia exposure did not inhibit the ability of physical activity to stimulate skeletal muscle hypertrophy in rats that were allowed to run. Moreover, although access to running wheels was associated with increased left and right ventricular size, there was no worsening of the pulmonary hypertension that began with the hypoxia exposure much earlier in life.
From a clinical translational perspective, the long-term effects of early-life exposures are particularly associated with conditions that impair oxygen flow and availability to the tissues such as congenital heart disease, 33, 34 childhood lung disease, 35 blood diatheses (e.g., sickle-cell anemia), 36 and lung disease of prematurity. 37 We found that a relatively welltolerated level of hypoxia exposure early in life caused persistent effects in adulthood long after the hypoxia exposure was terminated. Although interspecies comparisons are never perfect, the levels of hypoxia likely induced by our exposure to FiO 2 of 10% can be extrapolated to the care of neonates. Premature babies are the most likely to suffer prolonged periods of hypoxemia. Although data from neonatal rats are sparse, studies in adult rats suggest that our model would have led to an oxygen saturation of 65-70%. 38, 39 These levels are certainly well below the therapeutic O 2 saturation (i.e., between 85-95%) currently used in many neonatal intensive care units. 40 Moreover, hypoxemia at this level can result in long-term injury to the brain in the rat. 41 The latter, through effects, perhaps, on the hypothalamic pituitary axis, could contribute to the growth abnormalities we observed.
Our study identifies a degree and duration of early-life hypoxia exposure that attenuates catch-up growth leading to an impaired adult phenotype. Finding the distinguishing molecular pathways in muscle and bone that differentiate the 10% from the 12% hypoxia exposure may lead to novel insights into the mechanisms that control the general process of compensatory growth and are likely to have clinical relevance for children with chronic disease and disability. Targeting molecular pathways that are known to be particularly responsive to hypoxia and involved broadly in metabolism and growth (e.g., hypoxia-inducible factor 42 ) is likely to generate mechanistic information using our model in future studies.
